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We report generation of near-infrared photon pairs in fundamental spatial modes via type-II spontaneous 
parametric down-conversion in a periodically poled potassium titanyl phosphate (KTiOP04) nonlinear 
waveguide supporting multiple transverse modes. This demonstrates experimentally a versatile scheme for 
controlling the spatial characteristics of the produced nonclassical light based on exploitation of intermodal 
dispersion. The down-converted photons are characterized by the measurement of the beam quality factors in 
the heralded regime. © 2012 Optical Society of America 
OCIS codes: 270.5565, 270.5585, 190.4410 



Nonlinear processes in fibers and waveguides are a 
promising source of nonclassical radiation [1-8] required 
to realize quantum protocols for communication [9] , and 
other emerging applications [10]. Spatial confinement of 
optical fields enhances the strength of a nonlinear inter- 
action and alters dramatically the spatial characteristics 
of the produced light, offering new possibilities to en- 
gineer its properties. Controlling spatial modes is nec- 
essary to achieve high- visibility nonclassical interference 
[11], ensures compatibility with fiber optics networks and 
integrated optical circuits [12] and enables one to exploit 
spatial encoding of quantum information [13,14]. 

In this Letter we demonstrate experimental control of 
the modal characteristics of non-classical light generated 
in a multimode waveguide achieved by a careful exploita- 
tion of the dispersive properties of this structure. Specif- 
ically, we realized the spontaneous parametric down- 
conversion (SPDC) process in a periodically poled potas- 
sium titanyl phosphate (PPKTP) waveguide exhibiting 
X^^^ nonlinearity to produce photon pairs in pure spatial 
modes despite the multimode nature of the nonlinear 
structure. We were able to define the spatial profiles for 
the generated photons by utilizing differences in prop- 
agation constants for individual transverse modes, im- 
plementing the proposal outlined in [8,15]. The modal 
purity was confirmed by a photon counting measurement 
of the beam quality factors for the generated radi- 
ation. This result demonstrates the feasibility of engi- 
neering the modal structure of nonclassical radiation in 
nonlinear waveguides. In particular, it provides a method 
to generate single-mode radiation in PPKTP waveguides 
that exhibit a number of attractive features [5-8] , but are 
multimode at visible wavelengths due to manufacturing 
limitations. More generally, our approach paves the way 
towards preparation of more complex forms of spatial 
entanglement in nonlinear wave guiding structures [7]. 

The principle of our approach is as follows. The pro- 
cess of interest is type-II SPDC in which a broadband 
pump photon, labeled with an index P, is converted into 



a pair of orthogonally polarized photons denoted as H 
and V . Due to energy conservation, there are two inde- 
pendent spectral parameters. We choose them to be the 
wavelengths of the H and V photons. In a multimode 
waveguide, the phase matching condition can be satisfied 
within a series of bands as exemplified in Fig. 1(a). Each 
band, whose spectral width is inversely proportional to 
the waveguide length, corresponds to a different triplet 
of spatial modes of the P, and V photons involved 
in the nonlinear interaction. We will label the individual 
modes with a pair of integers ij specifying the number of 
nodes in two orthogonal directions. The separation of the 
bands is a consequence of intermodal dispersion, which 
results in mode-dependent contributions to the phase 
matching function. Our aim is to generate a pair of pho- 
tons in the fundamental modes {){)h and OOy. The best 
option for the pump beam, maximizing the conversion 
strength, is the OOp mode [15]. Intermodal dispersion 
makes the center of the fundamental OOp ^ OOy + {){)h 
band shifted from bands involving other combinations 
of down-converted modes. Further, the spectrum of the 
pump defines a region within which wavelengths of the 
down-converted photons satisfy the energy conservation 
in the SPDC process. Because the photons are generated 
via a type-II process in a birefringent medium, this re- 
gion crosses several bands creating a number of islands 
shown in Fig. 1(b). For sufficiently narrow pump band- 
width the islands can be separated by coarse spectral 
filtering of the produced photons, which consequently 
isolates a single pair of spatial modes, completing our 
generation scheme. 

The experimental setup is shown schematically in 
Fig. 2(a). At its heart was a temperature stabilized (at 
19.0 ± O.IT!) 1 mm long PPKTP structure (AdvR Inc.) 
[6], which contained a number of ion-exchanged waveg- 
uides designed for efficient type-II second harmonic gen- 
eration in the 800 nm wavelength region. In the trans- 
verse plane, the waveguides were 2 jiia wide in the direc- 
tion parallel to the crystal surface and had an exponen- 
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Fig. 1. (a) A calculated set of phase matching bands cor- 
responding to different pairs of H and V modes for the 
used PPKTP waveguide with the pump field mode fixed 
to OOp. The dashed hues bound the energy conservation 
region defined by the pump bandwidth, (b) The resulting 
joint spectrum of down-converted photon pairs. Horizon- 
tal dashed lines represent coarse spectral filtering of V 
photons which produces heralded H photons in a pure 
spatial mode. The role of V and H photons can be re- 
versed. The axes are labelled with vacuum wavelengths 
Xh^^v of the generated photons and scaled linearly in 
|1/A|. 
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Fig. 2. (a) The experimental setup. DM, dichroic mirrors; 
A/4, quarter- wave plates; PBS, polarizing beam split- 
ters. For other symbols see the main text, (b) The in- 
tensity distribution of the pump field coupled into the 
waveguide compared with the sum-frequency generated 
reference, (c) Pump (solid) and SFG reference (dashed) 
intensity distributions integrated along vertical and hor- 
izontal lines. 



tially decaying refractive index profile in the perpendic- 
ular direction, characterized by the effective depth of ap- 
proximately 5 /im. The mode labels ij refer respectively 
to the number of nodes in these two directions, and the 
polarization H is defined as parallel to the crystal sur- 
face. Because of the essential role of the phase matching 
function in our generation scheme, we measured it di- 
rectly before setting up the down-conversion source. This 
was done using the mode-resolved sum frequency genera- 
tion (SFG) spectroscopy technique described in [15]. The 
infrared beams were tuned by rotating 0.6 nm FWHM 
interference filters IFl and IF2. For the frequency de- 
generate process we found the center of the fundamental 
band at 799.8 nm with approx. 0.7 nm FWHM band- 
width. The closest band involving OOp mode and higher 
H and/or V modes was found to be separated by more 
than 5.0 nm. Bands corresponding to processes involv- 
ing higher order P modes were found in the close vicinity 
of the fundamental band. This meant that selecting the 
fundamental band relied critically on coupling the pump 
beam into OOp mode. 

To produce photon pairs, a 399.9 nm pump beam 
with 1.0 nm FWHM bandwidth, chosen to enable spec- 
tral separation of the island corresponding to funda- 
mental spatial modes, obtained by frequency doubling 
150 fs pulses from a Tiisapphire oscillator (Coherent 
Chameleon Ultra) in a 5 mm long beta barium borate 
(BBO) crystal, was coupled into the waveguide. The spa- 
tial mode of the beam was matched to the OOp waveg- 
uide mode by a combination of lenses, a zoomable beam 
expander to fine-tune the size of the beam at focus, 
and a microscope objective. The light exiting the waveg- 
uide was collected by a 0.8 numerical aperture (NA) 
birefringence-free microscope objective. The pump beam 



was filtered out by dichroic mirrors and directed to a 
CCD camera imaging the output face of the waveguide 
in order to continuously monitor the spatial mode of the 
pump beam. A comparison of the excited pump beam 
mode with the reference OOp intensity distribution ob- 
tained directly from sum-frequency generation is shown 
in Fig. 2(b,c). We used the intensity distributions to cal- 
culate the integral of the product of the corresponding 
normalized mode functions assuming constant phase, ob- 
taining the value of the overlap equal to 0.966 ± 0.002. 

The spatial properties of the photons produced in 
the waveguide were characterized by measuring the 
beam quality parameter via free-space diffraction [16] at 
the single photon level. First, the photons were sepa- 
rated on a polarizing beam splitter. A half- wave plate 
A/2 placed before the polarizer was used to switch the 
H and V beams between the outputs. The transmitted 
photons, whose spatial characteristics was to be meas- 
ured, were focused with a 150 mm focal length lens to 
a waist of approximately 50 /im, corresponding to the 
Rayleigh range zr ^ 10 mm. The transverse distribu- 
tion was probed with the edge of a knife mounted on a 
motorized translation stage. The edge could be placed in 
different locations z in the beam propagation direction 
by moving it along an optical rail, and swept through the 
beam in the transverse plane in either horizontal or ver- 
tical direction. To comply with the ISO standard of the 
factor measurement [16], we located the knife edge 
at a minimum of 5 points within the Rayleigh range, 
and at least 5 points outside 2zr. Light passing the edge 
was recollimated by another 150 mm lens, and focused 
with an 8 mm focal length aspheric lens (AL) into a 
100 /im core diameter multimode fiber (MMF) that de- 
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Fig. 3. The measured beam half- widths w (points with 
error bars) at positions z for (a) photons V and (b) pho- 
tons R together with fits of the theoretical dependence 
(solid lines). The top panel in (b) depicts also results 
obtained for the pump beam aligned to optimize the 
coupling efficiency rather than the mode shape (crosses, 
experimental data; dashed line, fit). 



livered the signal to a single photon counting module 
(SPCM, Perkin Elmer). We verified that higher-order 
waveguide modes were coupled into the MMF by exciting 
them with a macroscopic 800 nm beam and measuring 
the transmitted intensity at the MMF output. 

The essential advantage of the knife-edge method with 
SPCM detection was the possibility to take measure- 
ments in coincidence with the trigger detector monitor- 
ing the conjugate photons, used as heralds. The heralds 
were spectrally filtered with a 10 nm FWHM interfer- 
ence filter IF3, coupled into a MMF using another 8 mm 
focal length AL, and delivered to a second SPCM. Sig- 
nals from both SPCMs were directed to a coincidence 
circuit with a 6 ns coincidence window. Approximately 
12 kHz coincidence rate with 15% ratio of coincidence 
to single count rates in the filtered arm were observed 
for 45 /iW pump power coupled into the waveguide. For 
every location z and the orientation of the edge, we de- 
termined the beam half-width w defined the standard 
way as doubled standard deviation for the intensity dis- 
tribution. In Fig. 3 we depict the dependence w{z) for 
the R and V photons and the two edge orientations. The 
experimental points were fitted with the quadratic prop- 
agation rule for second-order moments of the intensity 
distribution [17]. The estimated values of the factor, 
specified in the panels of Fig. 3, were found to be very 
close to one. It is worth stressing that these results were 
obtained with no spectral filtering of the photons in the 
scanned arm. When a 10 nm FWHM spectral filter was 
inserted also in that arm, we obtained the beam quality 
factors = 1.00 ± 0.03 for all the four measurements. 

To verify that our measurement setup detected also 
contributions from higher spatial modes, we changed 
the coupling of the pump beam into the waveguide to 
maximize the coupled power rather than to target the 
excitation of the fundamental pump mode. The result- 
ing pump field intensity distribution was well described 
by a superposition of OOp, 01 p and 02 p modes and the 
determination of half- widths yielded values depicted in 



Fig. 3(b). Based on these data the beam quality factor 
can be estimated to exceed > 3.0. This result boldly 
demonstrates the importance of proper pump beam cou- 
pling, in addition to verifying the operation of the setup. 

In conclusion, the measurement results presented in 
this Letter confirm successful generation of photon pairs 
with a high degree of spatial purity. This demonstrates 
the feasibility to manage the spatial properties of down- 
converted photons in a multimode waveguide by combin- 
ing its dispersive properties with a proper arrangement 
of the pump field. In particular, our work provides a di- 
rect experimental evidence that the multimode charac- 
teristics of extensively studied PPKTP waveguides [5-8] 
does not compromise their potential to generate photons 
in single spatial modes compatible with integrated op- 
tics circuits and fiber optics transmission. On the other 
hand, the fact that PPKTP waveguides support multiple 
spatial modes can be used to generate spatial entangle- 
ment [7,15] as well as hyperentangled states [18]. 
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